Cyclic nucleotide metabolism was investigated in growing kidneys of rats during compensatory hypertrophy and during neonatal development. After unilateral nephrectomy a mild and short-lasting decrease in cyclic 3':5' adenosine monophosphate (cAMP) was observed in the hypertrophying kidney. In contrast, cyclic 3':5' guanosine monophosphate (cGMP) showed a sharp decline to 20% of control at 15 min and a rapid rise to 200-300% above baseline at 1-72 hr. The alterations in renal tissue levels of cGMP were associated with parallel changes in the soluble, 100,000 X g supernatant guanylate cyclase activity [GTP pyrophosphate-lyase (cyclizing); EC 4.6.1.2]. No change was observed in total cGMP phosphodiesterase (3':5'-cyclic-nucleotide 5'-nucleotidohydrolase; EC 3.1.4.17). In the rapidly growing kidney of newborn rats cAMP levels were 983 i 65 and 833 4 42 pmol/g of kidney at 4 and 7 days after birth, and increased to adult levels (1518 4 57 pmol/g) at 21 days, whereas cGMP levels were 59.8 L 6.8 and 92.5 -13.9 pmol/g at 4 and 7 days and decreased to adult levels (36 I 1.5) at 21 days.
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The results indicate that compensatory renal hypertrophy and neonatal kidney growth are associated with changes in cAMP and cGMP metabolism. There is evidence for involvement of 3':5'-cAMP and 3':5'-cGMP in the regulation of cellular growth and proliferation in animal cells and bacteria (1) (2) (3) (4) . In some cells, an increase in cellular cAMP content was shown to be associated with arrest or inhibition of growth, whereas increased cellular cGMP concentrations were associated with cell growth and proliferation (3) .
One of the models for studying organ growth in vivo is compensatory renal hypertrophy occurring after removal of one kidney (5) . It is known that adaptive processes in the hypertrophying kidney occur almost immediately, as evidenced by changes in the metabolism of membrane phospholipids and RNA (6, 7) . In the present study we investigated some of the components of the cyclic nucleotide systems in kidneys of rats during the initial phase of renal hypertrophy and during neonatal kidney growth.
Marked and rapid changes in cGMP content of hypertrophying kidneys were observed. These changes were accompanied by parallel 
Methods
Male rats were anesthetized with ether and one kidney was removed between 9 and 11 a.m., and the contralateral kidney was removed after specified time intervals. The kidneys were immediately frozen in liquid nitrogen or between blocks of dry ice. In preliminary experiments we established that these two methods of freezing yielded comparable tissue levels of cAMP and cGMP. Tissue was stored at -20°for up to 4 weeks prior to homogenization. No change in cAMP and cGMP levels was observed when tissues were homogenized immediately or after storage up to 4 months. The cyclic nucleotides were extracted by homogenizing frozen cortical slices (50-100 mg per slice) in Kontes ground-glass homogenizers with 9 volumes of ice-cold 1% perchloric acid containing [3H]cAMP (3000-4000 cpm ) for recovery. Homogenization was performed by three strokes, 15 sec each, at 200 rpm with a steady-speed homogenizer. Because of the small size of the kidney in the newborn study the whole kidney was homogenized as described above. The homogenate was centrifuged at 10,000 X g for 15 min at 4°. The supernatant was decanted and adjusted to pH 7.0 with 6 M KOH, and was again centrifuged for 15 min at 10,000 X g. The supernatant was applied to a 1 ml column of Bio-Rad AG-1X8 200-400 mesh resin equilibrated with 0.1 M formic acid. After the sample had entered the column it was washed down with 10 ml of 0.1 M formic acid, and this eluate was discarded. cAMP was eluted with 10 ml of 2 M formic acid and cGMP with 10 ml of 4 M formic acid. In preliminary experiments complete separation of cAMP and cGMP was demonstrated by this manner of elution. The eluates were lyophilized and resuspended in 1 ml of 0.05 M sodium ace- Variations of cAMP and cGMP determinations were 0-5% for intra-assay measurements. To eliminate the inter-assay variation, comparisons among different groups were based on measurements obtained in the same assay.
Preparation of Guanylate Cyclase. Kidneys were removed from anesthetized rats and immediately placed in ice-cold 0.9% NaCl solution. All subsequent steps were carried out at 4°. The renal capsule was stripped and approximately 100 mg of cortical tissue was removed and homogenized in 9 volumes of 0.3 M mannitol, 5 mM Tris-HCl buffer (pH 7.4) and 1 mM EDTA using Kontes ground-glass homogenizers at 200 rpm for 30 sec. Soluble and particulate guanylate cyclases were separated by centrifugation at 100,000 X g for 60 min. In experiments where particulate guanylate cyclase activity was determined, the pellets were resuspended in a volume of fresh solution equal to that of the original homogenate. In some experiments aliquots of the supernatant were also stored at -70°and no loss of activity was observed for up to 5 days under these conditions.
Assay for Guanylate Cyclase. Guanylate cyclase activity was measured by the method of Kimura and Murad (9) . The assay reaction mixture contained 50 mM Tris-HCI buffer, pH 7.6, 10 mM theophylline, 0.1 mM dithiothreitol, 15 Preparation of Phosphodiesterase. Cortical tissue was obtained as described above and homogenization was carried out in 9 volumes of 10.9% sucrose by two strokes, 15 sec each, at 100 rpm in Kontes ground-glass homogenizers. The homogenate was centrifuged for 10 min at 1000 X g and the supernatant was either used immediately or stored frozen at -700 until assayed for cGMP diesterase activity. No loss of activity was observed by this method of storage up to 1 month.
Assay for Phosphodiesterase. Cyclic GMP phosphodiesterase was assayed by a slight modification of the method of Rosen (10) . The reaction mixture contained 0.2 AM [3H]cGMP (250 cpm/pmol, counted on Whatman no. 1 paper), 5 uM nonradioactive cGMP, 10 mM MgCl2, 1 mM dithiothreitol, and 5 mM 5'-GMP in a final volume of 0.1 ml. 5'-GMP (5 mM) was included for trapping of the reaction product and in preliminary experiments we established that 5 mM 5'-GMP had no inhibitory effect on the activity of beef-heart phosphodiesterase under our assay conditions. Incubations were carried out at 370 for 10 min, and under these conditions 20-30% of the substrate nucleotide was hydrolyzed. Linearity of reaction was established for enzyme concentrations of ,ug of protein per assay and for incubation times from 0 to 20 min. Reactions were terminated by immersing the tubes in a boiling-water bath for 2 min. Snake venom (50 Mul of a 1 mg/ml of solution containing 3 mg/ml of bovine serum albumin) was added and a second incubation was performed for 10 min at 37'. Under these conditions the conversion of 5'-GMP to guanosine was complete. After the test tubes had been immersed in boiling water for 2 min the total 150 Mil reaction volume was streaked on Whatman paper no. 1 and chromatographed along with standard cGMP, 5'-GMP, guanosine, and EDTA All kidneys were removed from adult rats under ether anesthesia and guanylate cyclase was determined in homogenates, and in soluble and particulate fractions after centrifugation at 100,000 x g for 60 min as described in Materials and Methods. Numbers in parentheses signify number of animals. Values are means i SEM. P values are given for comparison between the control and hypertrophying kidneys at 1 hr.
(0.1 M) for [16] [17] [18] [19] [20] In contrast, the cortical cGMP levels in the remaining kidney had dropped to less than 20% of control within 15 min (Table 1) . By 1 hr the tissue concentration had increased to 160% of control and then it further rose to 300% at 2 hr, where it remained at 4, 8, 24, and 72 hr after nephrectomy. Sham-operated rats showed no change of renal cGMP content at 15 min, 2, and 8 hr. Comparable results were obtained when cGMP content was expressed per mg of protein (results not shown).
The distribution of guanylate cyclase between the 100,000 X g supernatant and pellet of renal cortical homogenates is shown in Table 2 . More than 80% of the enzyme activity was associated with the soluble fraction and this fraction also had a 3-to 4-fold higher specific activity than the crude homogenate. Therefore, only the soluble enzyme fractions were assayed at different time intervals. The mean specific activity of this soluble guanylate cyclase in 23 control kidneys was 89.5 I 4.4 pmol of cGMP generated per min/mg of protein.
Enzyme activity of control kidneys varied by up to 20% within the same incubation and occasionally up to 40% between different incubations. Therefore, the enzyme activity in the control and experimental kidneys was always determined in the same incubation and each animal served as its own control.
The pattern of the change in the renal cyclic nucleotide content, in the soluble guanylate cyclase, and in the cGMP phosphodiesterase activity is shown in Fig. 1 . Soluble guanylate cyclase activity in the hypertrophying kidney showed a significant decline to 70% of control (P < 0.05) at 15 min. One hour after unilateral nephrectomy, guanylate cyclase activity was determined in the crude homogenate and in the soluble and particulate fraction ( Table 2 ). The activity in the homogenate was increased by 50% (P < 0.001) and that of the soluble enzyme fraction was increased by 57% (P < 0.02). In contrast, particulate guanylate cyclase activity was decreased by 55% (P < 0.005). Sham (Fig. 2) (12) . Though the increase of cGMP is immediate it persists for many hours after initiation of cell proliferation (13) . It has, therefore, been suggested that cGMP acts as a positive signal for cell growth (3). This thesis is further supported by the experimental findings that exogenous cGMP can replace different growth stimuli, whereas exogenous cAMP exerts an inhibitory effect (14) . Our (18) . Because we found 80% of the total enzyme activity in the 100,000 X g supernatant fraction, we investigated only this soluble guanylate cyclase at multiple time intervals. At 1 hr after nephrectomy, we also looked at the total enzyme activity of the homogenate and of the particulate fraction. Total enzyme activity was increased, as was that in the soluble fraction, whereas particulate enzyme activity was decreased. The mechanism for the observed changes in guanylate cyclase activity is not known and the role of humoral factors will have to be investigated.
Further support for the association between renal growth and cyclic nucleotide content could be found in the study of newborn rats. The most rapid growth of the developing kidney occurs during the first 10 days after birth. It is during this period that the number of nephrons is more than doubled (19 I was elevated at 4 and 7 days after birth and progressively decreased to adult levels at 21 days, whereas cAMP rose from low levels at 4 and 7 days to almost adult levels at 21 days of age. Thus there was a marked shift in the ratio of cAMP to cGMP (Fig. 2) . It is of interest in this respect that a rapid increase of the soluble and a decrease in the particulate fractions of guanylate cyclase in newborn rat livers has been reported (18) . Adult levels and distribution were reached by 14 days of age. Furthermore, reciprocal changes have been described recently in the cyclic nucleotide dependent protein kinase activity, i.e., decrease in cGMP-dependent and increase in cAMP-dependent protein kinases of the lung, heart, brain, and liver of developing guinea pigs (20) . Clearly our observation in the newborn rat kidney would fit into this general pattern.
In conclusion, changes of cyclic nucleotide concentrations and in guanylate cyclase activity occur during the initiation of compensatory renal hypertrophy. We would like to propose that factors responsible for these changes are closely related to the initiation of compensatory renal growth. Similar changes in tissue levels of cyclic nucleotides in developing rat kidneys further support the close association between cyclic nucleotides and organ growth. 
